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Abstract 

We theoretically investigate the noise of a single-electron transistor in the regime of large quantum fluctuation of 
charge out of equilibrium. We show that the charge noise is suppressed due to the charge renormalization caused 
by the quantum fluctuation. However the fluctuation is not strong enough to wash out the charge quantization. We 
find that the renormalization effect reduces the performance of a single-electron electrometer. 
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In a small metallic island where the charging en- 
ergy Ec exceeds the temperature T (we use the unit 
&b = 1), the Coulomb interaction affects transport 
properties. The resulting phenomenon called the 
Coulomb blockade has attracted much attention in 
the last decade. Especially, the quantum fluctuation 
of charge in a single-electron transistor (SET) is one 
of the basic problems in this field. The quantum fluc- 
tuation is quantitatively characterized by a parame- 
ter, dimensionless conductance ao — Rk/((2ty) 2 Rt), 
where Rk = h/e 2 is the quantum resistance and Rt 
is the parallel tunneling resistance of the source and 
the drain junction. Recently, there has been much 
development in theoretical investigations in the whole 
range of the tunneling strength. In the weak tunneling 
regime, where the life-time broadening of a charge state 
level is much smaller than the typical level spacing of 
charge states, ao < 1, the lowest two charge states well 
describe the low-energy physics. At the degeneracy 
point where the energy difference between two charge 
states Ao oc Ec is zero, the charge number fluctuates 
greatly. At this point, the conductance and charging 
energy renormalization below the Kondo temperature 
7k = E c /(2n)e~ 1/<2cio) has been predicted[f]. 
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Though previous investigations have revealed much 
about the quantum fluctuation, they are limited to the 
discussion on average values. In order to understand 
quantum nature of the charge fluctuation, investiga- 
tions on the statistical property of carriers, i.e. the 
noise, are required. The noise in the weak tunneling 
regime is also important for practical applications, be- 
cause it determines the performance of SET electrom- 
eters [2,3]. 

In this paper, we discuss the charge noise and the 
energy sensitivity. They are calculated based on the 
Schwinger-Keldysh approach and the drone (or Ma- 
jorana) fermion representation^, 5]. We reformulated 
and extended the resonant tunneling approximation^] 
to the noise expression in a charge conserving way. In 
a previous paper [4], we discussed the region eV 3> 7k 
where the renormalization effect is unimportant. In this 
paper we discuss the opposite region eV < 7k and 
K using the expression in Ref . [4] . 

Figure 1 (a) shows the bias voltage dependence of 
the normalized charge noise. As ao increases, it de- 
creases because of the charge renormalization. The 
charge renormalization means that the charge noise 
becomes the same form as the orthodox theory with 
renormalized parameters, the renormalized conduc- 
tance do = za, charging energy Ao = zAo and charge 
e = ze: 4e 2 f+f_/(f + + f_) 3 . The transition rate 
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of a electron tunneling into (out of) the island f +(_) 
is estimated by the golden rule. The renormalization 
factor is given by z = 1/(1 + 2a In(JSc/(|eV|/2))). 
It is noticed that the result is inconsistent with a 
naive expectation; from the Johnson-Nyquist formula 
Sqq = 4_Rt T C 2 , the charge noise is expected to be 
proportional to z~ s . 

Though the normalized charge noise is suppressed, 
it diverges at eV — Ao = 0. It means that the charge 
changes by "one" at the degeneracy point even at the 
large quantum fluctuation. This is confirmed by the 
fact that the slope of excitation energy dependence of 
the average charge diverges at the degeneracy point 
(Fig. 1(b)). 
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Fig. 1. (a) The bias voltage dependence of the charge noise at 
Ao — and K. (b) The average charge as a function of Ao 
at eV — 0. Solid, dashed, dot-dashed and dotted curves show 
results for qq — 0.1, 0.05, 10~ 2 and 10~ 3 , respectively. 

We discuss the renormalization effect on the perfor- 
mance of a SET electrometer. Figures 2 (a) and (b) 
show the excitation energy dependence of the slope of 
I-V characteristic and the energy sensitivity for var- 
ious bias voltage with large ao. As the bias voltage 
decreases, the peak shifts rightwards because of the 
charging energy renormalization[l]. Moreover the peak 
hight is strongly suppressed. This is because both the 
charging energy and the conductance are renormal- 
ized, the slope dl /dAo is approximately proportional 
to z 2 . As Sn oc z and Sqq oc z, the energy sensitivity 
(h/2)y/ SqqSh /\dl /dAo\ is inversely proportional to 
z. This fact means that the renormalization effect re- 
duces the energy sensitivity as shown in Fig. 2 (b). 

In conclusion, we investigated effect of the renor- 
malization on the noise theoretically. We showed that 
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Fig. 2. The excitation energy dependence of (a) the slope of 
the average current and (b) the energy sensitivity for ao — 0.1 
at eV/Ec — 10 4 (dashed curve), 10 — 2 (dot-dashed curve) 
and 0.4 (dotted curve) at K. Solid curves show results of the 
orthodox theory. Go — 1/(^l + ^r) is the series conductance. 

the charge noise is suppressed due to the charge renor- 
malization. However the quantum fluctuation does not 
wash out the charge quantization for arbitrary ao in 
the weak tunneling regime. The renormalization effect 
reduces the performance of SET electrometer because 
both the conductance and the charging energy renor- 
malization tend to suppress the slope of I-V charac- 
teristic. 
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